To reduce the polymerization shrinkage of the dental resin composites, a new liquid-crystalline resin monomer was developed. The acrylate liquid crystalline resin monomer (ALCRM), (4-3-(acryloyloxy)-2-hydroxypropoxy) phenyl 4-(3-(acryloyloxy)-2-hydroxypropoxy) benzoate, was synthesized by a three-step method. Using the ALCRM as the main monomer, the degree of conversion (DC) and the volume shrinkage of the resin matrix were compared with the traditional composite resin monomer (Bis-GMA), 2,2-bis[4-(2-hydroxy-3-methacryloyloxy-propoxy)-phenyl] propane. The new monomer showed liquid crystalline characteristics with a mesomorphic phasetransition temperature between 18ºC and 42ºC. When copolymerized with triethylene glycol dimethacrylate (TEGDMA) at a weight ratio of 7:3, the DC of ALCRM was higher and the volume shrinkage was 3.62±0.26%, which was less than that of the Bis-GMA. The ALCRM exhibits promising potential for the development of superior dental resins with low volume shrinkage.
INTRODUCTION
Resin composites are widely utilized in dental prosthetics. However, the polymerization shrinkage is a major barrier to the universal use of resin 1) . The reaction of dental composites is an addition polymerization process. The Van der Waals' interactions between the monomeric molecules are replaced by covalent bonds during polymerization, and thus, the intermolecular distances become shorter which results in the polymerization shrinkage 2) . Such shrinkage is sufficient to rupture the resin bond, followed by several microns of interfacial micro leakage; the shrinkage eventually causes secondary caries and long-term failure of dental restorations. Polymerization shrinkage is also determined by the functional groups and the monomeric molecular weights. Generally, the shrinkage will be significant when monomers exhibiting the same functional groups or monomers with small molecular weights are employed.
Ge et al. discovered higher-molecular-weight dimethacrylate monomers, such as DtBDMA and MtBDMA, to reduce the shrinkage of the resin composites 3) . Studying about the derivatives of Bis-GMA is another way to reduce polymerization shrinkage. Examples include the use of a methyl group to replace hydrogen on the benzene ring of Bis-GMA or the use of a glycidyl methacrylate as the terminal group 4) . However, these modified monomers still have the unsatisfactory polymerization shrinkage.
Liquid crystal polymers have attracted the attention of dentists and materials scientists because of their unique optical and mechanical properties. An acrylate liquid-crystalline resin matrix has been developed at the University of Texas Health Science Center [5] [6] . Compared to the traditional acrylic resin matrix, the matrix provides low polymerization shrinkage. Zero polymerization shrinkage is expected in this resinmatrix system 7) . The aim of the present research is to develop a new acrylate liquid-crystalline resin monomer (ALCRM), (4-3-(acryloyloxy)-2-hydroxypropoxy) phenyl 4-(3-(acryloyloxy)-2-hydroxypropoxy) benzoate and improve the properties of resin-matrix system. In the structure of ALCRM, middle ester bond and bilateral benzene ring constitute the basic structure of the liquid crystal polymer mesogenic unit which exhibits liquid crystalline properties. The terminal of a liquid crystal monomer is capped by acrylic ester which will have more activity. Therefore, excellent properties of this monomer can be theoretically predicted. The hypothesis was that the new ALCRM has the properties of lower polymerization shrinkage in traditional photo-curing systems and provides an alternative choice for dental applications.
MATERIALS AND METHODS

Materials
The following materials were used in the study: Bis-GMA and 2-(dimethylamino)ethyl methacrylate (DMAEMA) (Sigma-Aldrich Corporation, USA). TEGDMA (Wako Pure Chemical Industries Limited, Japan). Camphorquinone (CQ), Hydroquinone (DHP), 4-hydroxybenzoic acid (HBA), boric acid (H 3BO3), sulfuric acid (H2SO4), toluene (MB), p-xylene (DMB), 2-(chloromethyl) oxirane (ECH), N-butyl-N,N-dipropylbutan-1-aminium bromide (TBAB), methanol (CH 3OH), sodium hydroxide (NaOH), acrylic acid (AA) and N,N-dimethylbenzenamine (DEBA) (Alfa Synthesis of a liquid-crystalline resin monomer with the property of low shrinkage polymerization 
Characterization of the acrylic liquid crystalline monomer
For polarized optical microscope (POM) studies, acetone was used as the solvent. The changing field of view was observed using a polarizing microscope (X-P6, Beijing Optical Instrument Factory, Beijing, China). The phase-transition temperatures was measured using a differential scanning calorimeter (DSC) (PHONIX 204 F1, Netzsch Company, Germany) and employed to detect the glass-transition temperature (Tg), the melting transition temperature (Tm), the clearing point (Ti) and the liquid-crystalline phasetransition temperature of the ALCRM.
In nuclear magnetic resonance (NMR) analysis, the structure of the intermediate and end products were analyzed. Proton nuclear magnetic resonance ( 1 H-NMR) spectra were recorded by spectrometry(UNITYINOVA-400, Varian Company, USA) using CDCl 3 as the solvent and tetramethylsilane as the internal standard.
Determination of the properties of acrylic liquid crystalline resin matrix
The ALCRM and TEGDMA were mixed at the weight ratio of 7:3. The photosensitive initiating system CQ l wt%/DMAEMA 2 wt% was added to the mixture and homogenized. The sample was polymerized under photocuring conditions. The control mixture of Bis-GMA and TEGDMA was prepared by the same method.
In determination of conversion, the experimental samples were irradiated with visible light (λ>400 nm, Deyue LED-light curing lamp) (Deyue Science and Technology Development Company, Beijing, China) for 60 s at a distance of approximately 5 mm. Fourier transform infrared spectroscope (FTIR) spectra were recorded using a FTIR spectrometer (4,000-400 cm −1 , MTC/A detector resolution factor 4 cm −1 ; 32 scans) (Nicolet 560,Welltech Company, USA). By comparing the FTIR spectra of the cured and uncured samples, the DC of the double bonds was calculated [8] [9] . The absorption peak of the aliphatic double bonds (1,634 cm −1 ) and aromatic double bonds (1,606 cm ) were used as internal standards in the FTIR spectra of ALCRM/TEGDMA. The DC was calculated according to the equation [10] [11] :
A 1634: the absorption peak area at 1,634 cm −1 . A1606: the absorption peak area at 1,606 cm −1 . 0: before curing, t: after curing. The DC of the Bis-GMA/TEGDMA was determined by the same method. The absorption peaks at 1,635 cm −1 and 1,590 cm −1 in Bis-GMA/TEGDMA were served as internal standards.
In determination of curing time, the sample was loaded into a plastic model (diameter, d=5 mm, height, h=3 mm) whose upper and lower faces were covered with Mylar sheets. The sample was irradiated with an LED lamp at a distance of approximately 5 mm. The surfaces of the sample were probed every 30 s until no pressure indentations were observed. The average curing time was the required curing time for monomer polymerization 12) . In the determination of the curing depth, the sample was transferred into a plaster mold (height, h=8 mm, inner diameter, d=4 mm) and cured for 40 s. After 180±20 s, the uncured material was removed. The cured part was measured with a square caliper to determine the height.
In determination of volume shrinkage, the polymerization shrinkage of the material was determined with an expansimeter using the method of Rees JS et al. 13) . The sample (V0=0.5 mL) was added to the expansimeter and irradiated by the LED lamp from a distance of 1 mm. Each sample was irradiated from a different orientation for nine orientations at 40 s per treatment. The volume shrinkage was calculated by the volume change in the liquid of the pipette before and after curing. The equation is as follows:
Rate of the volume shrinkage=∆V/V 0 ×100%
(2)
V 0: the volume of the uncured material. ∆V: the volume change (mL).
All above results of the properties determination were calculated from the arithmetical mean (X ) and standard deviation of one group that contained five samples. A comparison of ALCRM to Bis-GMA was calculated by the statistical methods of StudentNewman-Keuls. 
RESULTS
Synthesis and characterizations of ALCRM
The ALCRM was synthesized through a 3-step procedure (Scheme 1). The molecular of HPHB was confirmed by 1 H-NMR spectrum (Fig. 1a) . 1 H-NMR (CDCl3): δ-10.47 (1H), δ-9.44 (1H), δ-7.97 (2H), δ-7.00 (2H), δ-6.907 (2H), and δ-6.78 (2H). The 1 H-NMR spectra of EPEB (Fig. 1b) (Fig. 1c ) of the ALCRM, 1 H-NMR (CDCl3): δ-7.45 (4H), δ-6.95-6.93 (4H), δ-6.42-6.38 (1H), δ-6.16-6.09 (1H), δ-5.83-5.80 (2H), δ-4.18-3.99 (10H). The integrated area of each peak matched the ratio of the number of corresponding H atoms. Thermal and mesomorphic properties of ALCRM were showed in the DSC thermogram (Fig. 2) and POM (Fig. 3b) . In POM, the field of view has no bright spot from 100ºC to 45ºC. At about 43ºC, the field of view displayed a continuous bright spots. The ALCRM transitioned from isotropism to anisotropism. A typical liquid crystalline structure appeared at 25ºC (Fig. 3a) .
Determination of the properties of acrylic liquid crystalline resin matrix
The FTIR spectra (Fig. 4) before and after curing showed that the relative ratios of the double bond peaks with internal standard peaks were different. The ratios demonstrated that ALCRM and Bis-GMA underwent addition polymerization with TEGDMA. The DC of ALCRM/TEGDMA was higher than that of Bis-GMA/ TEGDMA ( Table 1 ). The differences were statistically significant (p<0.05).
The comparison of ALCRM to Bis-GMA (Fig. 5 ) revealed that ALCRM exhibits a lower curing depth and volume shrinkage rate but a longer curing time. All of the differences were statistically significant (p<0.05). 
DISCUSSION
In this study, a new liquid-crystalline resin monomer based on acrylic resin monomers was prepared. The ALCRM's volume shrinkage was reduced to 3-4%. Two significant structural differences exist between the targeted ALCRM and Bis-GMA (Scheme 2). The terminal acrylic ester has greater activity than methacrylate ester. The middle ester bond and bilateral benzene ring constitute the basic structure of the liquid crystal polymer mesogenic unit which is necessary for the acrylic monomer to assume the properties of liquid crystals. The 1 H-NMR spectrum confirmed the chemical structure of the target product. The absorption peaks of EPEB and HPHB were similar near 7-8 ppm. Four absorption peaks corresponded to aromatic hydrogen atoms, which represent the locations of hydrogen in the mesogenic unit. The structure of the hydroxybenzoic acid ester of hydroquinone in the product was not destroyed. Compared with HPHB, EPEB had no absorption peak of the phenolic hydroxyl groups. The phenolic hydroxyl groups had been etherified in the process of EPEB synthesis and had been changed into alcohol (−OH) groups. In the high-field area, there were a series of special absorption peaks formed by the epoxy groups near 3 ppm. The results of 1 H-NMR showed that the EPEB had the expected chemical structure. Compared to EPEB, the number of hydrogens of ALCRM in the low-field region did not change. These results indicate that the ALCRM remained the mesogenic unit of HPHB. Alkene hydrogens exhibit chemical shifts at 5-7 ppm. The hydrogen signals disappeared near 3 ppm, which demonstrated that the epoxy structure did not exist. The final product was terminated by the propylene acyl group.
The new monomer's mesomorphic range is 18ºC to 42ºC in the results of DSC. There were five obvious endothermic peaks of the ALCRM. The first endothermic peak was observed at about −70ºC. This result was caused by the unstable temperature of the equipment during heating or by insufficient crystallization of the sample while cooling. The second endothermic peak started from −30ºC to 0ºC. The monomer began melting when the Tg of the ALCRM monomer was reached.
Scheme 2 The structures of (a) Bis-GMA and (b) ALCRM. The third endothermic peak emerged at 18ºC and represents the Tm of the liquid crystalline monomer. A large endothermic peak appeared at about 30ºC, which corresponds to the transition from the smectic to the nematic phase 14) . The last peak emerged at about 42ºC and represents the Ti of the liquid crystal monomer. In POM, these results demonstrated that the monomer contains a liquid crystalline mesogenic unit. Moreover, the transition temperature of aromatic esters mesogenic unit was lower and closer to room temperature.
The mechanical and physical properties of the polymerized products primarily depend on the DC 15) . Any remaining unpolymerized methylacrylate groups or acrylic groups decrease the hardness, strength and wear resistance of the acrylate composite resins 16) . The DC of ALCRM/TEGDMA was in the range of 50-75%, which demonstrates that TEGDMA could be used as the diluent monomer when ALCRM is used as the main monomer [17] [18] [19] . The DC of ALCRM was higher because the acrylic ester has higher activity than methacrylate ester. The acrylic ester possesses strong electronwithdrawing ability, which can decrease the electron density of other groups and thus increase the ester's reactivity. Moreover, the α-hydrogen of acrylic ester can cause chain transfer that leads to higher activity of its terminal double bonds. Compared with the ALCRM, the electron-donating group of the isopropyl group in Bis-GMA cannot activate other chemical groups.
The samples in this study were cured at room temperature, which satisfies the condition for curing in the range of a mesomorphic phase. Therefore, the highly ordered structure of the liquid crystal monomer remained intact under the conditions for initiating curing. However, the photo-curing had to be performed for a longer amount of time because of the divided processes of molecular orientation and polymerization. For the same reason, the curing depth achieved during the curing time was relatively low. As showeded in Fig.  5 , the curing time of ALCRM was longer than that of Bis-GMA, but ALCRM also exhibited insufficient curing depth. Incorporation of inorganic fillers is an effective way to improve the mechanical properties of resin matrices.
Fillers' size distribution influence the properties of resin composites. Resin composites containing nano-fillers with proper content can have excellent properties. Thus the undesired properties caused by insufficient curing may be compensated. Moreover, some other group can also be introduced in the ALCRM, such as the cationic intermediates which lead to a cationic curing 20) . The coefficient of thermal expansion and the rate of shrinkage of ALCRM are lower than the ordinary acrylic resin monomer 21) . During the process of polymerization, van der Waals bonds were replaced by covalent bonds. The distances between relevant atoms were reduced by about half. Furthermore, the arrangement of atoms in the polymer was more compact than that in the aligned molecules. This compaction inevitably leads to volume shrinkage. Therefore, in the polymerization system, the volume shrinkage will be high when more molecules with higher densities of cross-linked copolymer are present. Compared with traditional resin monomers, the advantage of ALCRM arises from the existence of a mesomorphic phase that exhibits ordered orientation. The ALCRM displays the properties of liquid crystals. It was composed of rod-like molecules in an ordered layered arrangement (Fig. 6a) ; the molecules could therefore slide in all directions before being polymerized in the mesophase range. The order of the molecular structure was disarranged to form a network in the process of polymerization (Fig. 6b) . Thus the arrangement of molecules is transformed from a dense and ordered anisotropic state to a random isotropic state. The transition of the nematic phase to an isotropic amorphous state reduce the volume shrinkage. As long as the liquid crystalline resin is polymerized in its mesophase range, it retains all of its optical and mechanical properties (This phenomenon is called the "memory effect" of liquid crystalline polymers) [22] [23] [24] . When ALCRM was cured in its mesophase range, some intermolecular distances expanded from covalent bond's distances to the Van der Waals' distances along with the opening of the double bonds. Then the rod-like molecules were curved and expanded. The curvature and expansion of the rod-like molecules can also compensate the shrinkage that occurs in common resin matrices (Fig. 6c, d) . Thus, the volume shrinkage of ALCRM should be lower.
CONCLUSIONS
Within the limitations of the current study, the following conclusions were drawn:
1. A new liquid crystalline resin monomer based on an acrylic resin monomer has been prepared by a three-step method. The ALCRM monomer is composited by the mesogenic unit. Acrylic esters cover the terminal of the monomeric structure, and these structures influence the properties of the monomer. 2. As the primary component of the composites, the monomer affects the properties of the composite resin. Thus, compared with the Bis-GMA/ TEGEMA, the DC of the double bonds of ALCRM/ TEGDMA was 68.06% (vs. 45.86%). The volume shrinkage was reduced to 3-4%. Although ALCRM has some defects, such as a longer photo-curing time and a relatively insufficient curing depth compared to Bis-GMA, it has the capability to be utilized as an alternative to Bis-GMA.
